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The concept that the arrangement of vascular bundles of
descending and ascending vasa recta subserves countercurrent
exchange originated with Kuhn's hypothesis of the function of
the loops of Henle as countercurrent multipliers [1, 2] and the
subsequent experimental and theoretical contributions of Wirz
and his colleagues [3, 4]. For many, however, the first exposure
to the notion of the medullary circulation as a countercurrent
exchanger came about with the publication of an article by
Berliner et al in 1958 [51.1 These authors recognized that despite
medullary blood flow being only a small fraction of total renal
blood flow, the concentrating mechanism must concentrate a
very large volume of blood in order to concentrate a small
volume of urine, thereby severely limiting the efficiency of the
mechanism were it not that solute and water undergo exchange
between counterfiowing blood in adjacent descending and as-
cending vasa recta.
Scholars of medullary anatomy agree to the absence of
lymphatics in the inner medulla. Furthermore, lymphatics are
very sparse if present at all in the outer medulla [6]. Since the
epithelia lining the thin and thick segments of the ascending
limb of Henle's loop have a very low water permeability, it is
possible by exclusion to assign the responsibility for removing
fluid from the medulla (added to it from the collecting duct and
descending limbs) to the vasa recta. Direct evidence consistent
with this concept was reported by Sanjana and his colleagues
[7, 8]. How vasa recta function simultaneously as countercur-
rent exchangers and as channels for the removal of excess
water is the subject we will address in this article.
Anatomy of the renal medulla
A detailed anatomical description of the medulla is given by
Kriz and Lemley in this issue [9]. Here we consider some
aspects of the medullary anatomy pertinent to certain functional
concepts of the medullary circulation (Fig. 1). The medullary
microcirculation originates from juxtamedullary glomeruli. The
afferent and efferent arterioles of these glomeruli differ from
those associated with other more superficially located glomeruli
[6, 10, 111. They are larger in diameter and the afferent
arterioles, with as many as four layers of smooth muscle cells,
have markedly thicker muscular walls. In some species, the
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afferent arteriole possesses a cushion—like structure that in-
trudes into the vascular lumen at its junction with the
interlobular artery [10]. Its function is not known, but its
location is ideal to regulate medullary blood flow. The efferent
arterioles directly enter the outer stripe of the outer medulla. At
that point they still retain vasoconstrictor capacity. In the outer
stripe they divide "horsetail—like" into 20 to 30 descending vasa
recta (DVR). Their endothelial walls are quite thick, have tight
junctions, and are surrounded by pericytes. It is unlikely,
however, that these vessels retain vasoconstrictor activity
throughout their length. In videomicroscopic studies of vasa
recta near the papillary tip, capillary contraction has not been
observed [12].
As they descend into the medulla, DVR turn off to form
capillary plexuses [6, 11]. In the outer stripe of the outer
medulla the plexus is sparse and loosely meshed, in the inner
stripe it is dense and tightly meshed, and in the inner medulla it
becomes less dense again. The morphological characteristics of
DVR change toward the papillary tip. As the vessels descend
along the medullary axis, the endothelium thins and becomes
fenestrated [11, 13]. The capillaries forming the plexus are also
lined with a thin fenestrated endothelium. They coalesce into
ascending vasa recta (AVR) that remove blood from the me-
dulla and return it to the interlobular or arcuate vein. The
capillaries forming the plexus and the AVR are morphologically
indistinguishable from systemic capillaries [11, 13]. Both AVR
and DVR, however, have larger diameters than capillaries of
the renal cortex [14—16]. In the inner medulla the diameters of
DVR range between 7 to 18 m and those of AVR between 10
to 20 /tm. The diameters of the smaller capillaries in the plexus
are similar to those of cortical capillaries [11].
The number of microvessels in the medulla decreases from
the corticomedullary junction to the papillary tip such that the
cross—sectional area of the medulla decreases exponentially [6,
17]. However, AVR are more numerous than DVR. Using
morphological criteria of Schwartz, Karnovsky and Venka-
tachalam to distinguish AVR from DVR [13], Holliger et al [181
counted the number of DVR and AVR in the inner medulla at a
distance 2 mm from the papillary tip (about 40% of the total
length of the inner medulla in young rodents) and derived an
anatomical ratio of 4 AVR for each DVR. From in vivo
observations [19, 20] and mass balance calculations [8, 9, 20—22]
afunctional ratio of approximately 2.3 AVR for each DVR was
calculated and this value is preferred when interpreting medul-
lary function.
Fig. 1. Schematic of the microvasculature, nephrons and collecting
ducts in the mammalian kidney. The arrows indicate the direction of
blood flow in the large vessels. Abbreviations are: C, cortex; OS, outer
stripe; IS, inner stripe; IM, inner medulla. Left panel: arterial vessels
and capillaries. Efferent arterioles ofjuxtamedullary glomeruli descend
into the outer stripe and divide into descending vasa recta (DVR). At
intervals DVR turn off to form a capillary plexus. Note different
patterns of capillary plexuses in the OS, IS, and TM. Middle panel:
venous vessels. Interlobular veins originate in the superficial cortex. In
the inner cortex the medullary venous vessels or ascending vasa recta
(AVR) drain into interlobular or arduate veins. Right panel: short and
long—looped nephron (shown divided into their principal segments) and
a branched collecting duct. Glomeruli and proximal tubules are black;
thin limbs, hatched; thick limbs, dotted; distal convoluted tubules,
connecting tubules and collecting ducts, clear. From [6] by permission.
Physiology of the medullary microcirculation
Countercurrent exchange
The function of the vascular countercurrent exchanger is to
minimize the transaxial movement by maximizing the transcap-
illary exchange of any solute to which the vasa recta endothe-
hum is permeable [5]. This can be advantageous—the trapping of
urea and NaC1 in the medullary interstitium, for example—but it
can also be disadvantageous, such as, the hindrance of oxygen
delivery and carbon dioxide removal. As to the importance of
countercurrent exchange to the concentrating mechanism, how-
ever, there can be no doubt. As blood flow increases, the
efficiency of countercurrent exchange is reduced. Kramer,
Thurau and Deetjen [23, 24] investigated medullary perfusion
by recording the transit time of dye injected into the renal
circulation. Figure 2 depicts the relationship they observed
between urinary concentration and medullary perfusion in
dogs. An elevated urinary concentration, as indicated by a
urine—to—plasma osmolality (U/Posm) approaching 2, was asso-
ciated with a low medullary blood flow rate, while a dilute urine
was associated with a high perfusion rate. These investigators
concluded that low medullary blood flow rates are necessary to
achieve high levels of urinary concentration. Their findings
were recently confirmed and extended by Bayle et al [25] who
demonstrated a reciprocal relationship between papillary blood
flow and urinary osmolality up to a UfPosm of approximately 3.
The efficiency of exchange apparently depends on the solute.
A recent model of the meduhlary circulation by Pallone and his
colleagues [22] projected a very efficient exchange of urea
between AVR and DVR. In contrast, as much as 50% of the
NaCI entering the vasa recta from the interstitium was pre-
dicted to be carried away by the blood flow. Pallone, Morgen-
thaler and Deen attributed this marked difference in trapping to
the much higher transcapillary solute concentration gradient for
urea than for NaCl. It should be noted that this projected
difference in trapping requires experimental verification. Coun-
tercurrent exchange also occurs between vasa recta and the
limbs of Henle's loops. Since the work of Lassiter, Gottschalk
and Mylle [271 it has been recognized that urea is added to the
short loop of Henle. Both the pars recta [28] and the descending
limb [291 of the short loop are permeable to urea. Moreover, the
descending limb of the short loop in some species is enclosed in
the vascular bundle where it is ideally situated to receive urea
from the urea—laden blood in adjacent ascending vasa recta [6].
The extent of countercurrent exchange of NaC1 between de-
scending limb and ascending vasa recta is less certain because
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Fig. 2. Urine—to—plasma osmolality ratio as a function of medullary
blood flow. From [24] by permission.
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the transverse concentration gradient for NaC1 is unknown, and
only the proximal portion of the long descending limb is
permeable to NaCI [29].
Fluid removal from the medulla
The conventional view of water transport in the medulla
considers it to be "short circuited" or shunted across the vasa
recta near the junction of the cortex with the medulla. This
implies that just as solute in the medullary interstitium is
trapped and impeded from leaving, water is hindered from
entering the medulla. While that is indeed the case, water is also
removed from the medulla by ascending vasa recta—a task
essential to preserving mass balance for water in the medulla.
This must be so since water is continuously added to the
medulla by reabsorption from the descending limb and the
collecting duct. To understand the movement of water in the
medullary microcirculation, we shall first review certain hy-
draulic and oncotic pressure measurements.
The juxtamedullary circulation is normally inaccessible to
direct investigation. Casellas and Navar [30], however, were
able to gain access by exposing juxtamedullary glomeruli lo-
cated immediately adjacent to the renal pelvis. By inserting a
glass capillary into a proximal site in the efferent arteriole, they
perfused the vessels downstream with a saline suspension of
red blood cells. In nine such successful perfusions in eight
kidneys at a perfusion pressure of 100 mm Hg, the principal
resistances were the afferent arteriole in which the pressure
decreased from 80 to 45 mm Hg, and the efferent arteriole in
which the pressure dropped further to approximately 30 mm
Hg. The blood pressure in the initial descending vasa recta
(DVR) was about 20 mm Hg. Studies by Sanjana et al [7, 8] in
the exposed renal papilla of rats having a mean arterial pressure
of 104 mm Hg revealed that the average hydraulic pressure in
descending vasa recta at the base of the exposed papilla (that is,
about 3/4 along the total length of these long DVR) was 9.2 mm
Hg. The plasma protein concentration in DVR was 1.8 times the
plasma protein concentration of systemic blood and had an
oncotic pressure of 26 mm Hg. Yet the plasma protein concen-
tration in DVR at the tip of the papilla was even higher than in
DVR at the base [8], indicating that fluid was removed from the
DVR. That is, like the peritubular capillaries in the cortex, DVR
have a low hydraulic pressure and a high oncotic pressure
which is conducive to fluid uptake, but unlike what happens in
cortical capillaries, water continues to be extracted from DVR
down to the papillary tip. The osmolality of plasma in DVR lags
behind that of the adjacent interstitium [8, 31]. We, therefore,
proposed that fluid movement out of DVR (and into AVR) must
be influenced not only by differences in hydraulic and oncotic
pressure, in conformity with Starling's principles, but also by
transcapillary differences in osmotic pressure due to small
solutes, such as sodium chloride and urea [8]. This hypothesis
requires that the reflection coefficient of vasa recta capillary
membranes for sodium chloride and urea by nonzero. Studies
by Curry, Mason and Michel suggest that systemic capillaries
have a finite reflection coefficient for small solutes [32].
Further downstream, in the ascending vasa recta, the mean
hydraulic pressure was 7.8 mm Hg, and the plasma protein
concentration was 1.4 times that of systemic plasma, the latter
value considerably lower than that in DVR. The equivalent
oncotic pressure was 18 mm Hg. This marked fall in protein
concentration means that at a point somewhere beyond the
DVR, either in the capillary plexus or in the AVR, uptake of
fluid occurred [8]. The driving force for inward fluid movement
is the sum of transcapillary oncotic pressure and osmotic
pressure differences due to small solutes, since as the blood
flows up the AVR, total solute concentration in the plasma will
exceed that of the adjacent interstitium, owing to the lag in
solute equilibration. The ratio of the plasma protein concentra-
tion in DVR to that in AVR averaged 1.27, indicating that the
average fluid uptake was equivalent to 27% of the plasma flow
in the DVR. The figure of 27% relies on the assumption that
vasa recta capillaries are impermeable to plasma protein. While
for practical purposes this is a reasonable assumption, it would
be useful to have an independent estimate of capillary fluid
uptake. If it were feasible in the renal papilla to determine
inflow and outflow of blood separately, an independent estimate
would be possible, since the difference by which outflow
exceeds inflow would equal capillary fluid uptake.
Medullary blood flow
As noted above, Kramer, Thurau and Deetjen [23—24] were
the first to use the transit time of intravenous dye as an index of
medullary blood flow. Later, the transit times of radioactive
tracers were determined [33, 34]. Despite the attractiveness of
the approach, the technique has several disadvantages. The
insertion of detectors may damage the tissue and thereby
interfere with the measurement. Further, the implicit assump-
tion that tracers do not recirculate has not been validated [11,
34].
Since its introduction by Lilienfield, Maganzini and Bauer
[35], the albumin accumulation technique has been widely used
as an indicator for papillary blood flow [34]. It is based on the
assumption that radioactive labeled albumin injected into the
renal artery (or into a systemic vein) is trapped in the papilla
and does not escape before the papilla is removed for determi-
nation of the accumulated radioactivity. This assumption has
not been convincingly verified. Although Lilienfield et al
stressed the critical issue of albumin trapping in their original
publication, in some studies the papilla has not been severed
until 30 seconds have elapsed following injection of the labelled
albumin. From observation of the renal papilla in vivo, dye
reaches the papilla in vasa recta 5 to 6 seconds after intravenous
injection, and approximately 4 seconds after dye arrival in the
kidney. Within 8 to 10 seconds the dye first emerges from the
papilla [19, 36, personal observation]. In summary, escape of
labelled albumin from the papilla begins well before 30 seconds.
Other disadvantages also limit the usefulness of the albumin
accumulation technique [11, 16, 33].
Following the principles of renal extraction of isotopic potas-
sium (42K) outlined by Sapirstein [37], Harsing and Pelley [38]
introduced 86Rb as a marker for medullary blood flow. The
isotope is almost completely extracted by the kidney under
physiological conditions and is a good marker for medullary
blood inflow [34]. Since the determination of 86Rb (or 42K), like
the Lilienfield technique, requires removal of tissue, however,
papillary plasma flow can be determined only once per animal.
Recently, techniques for direct determination of medullary
blood flow have been developed. Initially ordinary light micros-
copy was employed to measure red cell flow in the exposed
renal papilla of rodents [21, 25, 39]. Later this technique was
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improved by use of high—sensitivity video cameras and fluores-
cent tracers for plasma and red blood cells [19, 18, 40]. There
are several advantages to this technique. Videotaping allows
the blood flow to be determined in several vasa recta during the
same real time. Each vas rectum can be identified for later
measurements and thus serves as its own control. A unique
advantage is that blood inflow and outflow can be determined
separately.
There are some drawbacks, however, to the direct videomi-
croscopy technique. A major disadvantage is that the ureter
overlying the renal papilla must be excised, which may alter
normal papillary blood flow in at least two ways. Normally the
muscular walls of the renal pelvis periodically contract, squeez-
ing the papilla and causing fluctuations in papilla blood flow,
sometimes to the point of temporary cessation [41]. These
fluctuations disappear after surgical removal of the ureter.
Chuang and her collaborators [42] reported that excision of the
ureter is associated with increased release of the vasodilatory
prostaglandins; this may account for the progressive increase in
papillary blood flow after excision [39, 42]. The primary draw-
back to videomicroscopy, however, is that conversion of cap-
illary blood flow to papillary blood flow necessitates knowing
the absolute number of descending and ascending vasa recta.
This laborious task requires the identification of each vas
rectum as AVR or DVR using ultrastructural criteria. These
criteria may not always be reliable for the correct identification
of a given capillary, because near the end of the descending vas
rectum the ultrastructure begins to resemble that of a connect-
ing capillary or ascending vasa recta. Finally, the absolute
number of AVR and DVR and probably also their ratio changes
as a function of medullary depth. Holliger et al [181 determined
the absolute number of vasa recta in the papilla at the location
of the videomicroscopic flow measurements and found that
AVR outnumbered DVR by four to one. Converting the values
for capillary blood flow to papillary blood flow yielded high
values for both inflow and outflow. Moreover, outflow ex-
ceeded inflow by 115%, considerably higher than the value of
30% determined by earlier measurements of the plasma protein
concentration.
In an attempt to reconcile the difference between these
findings, we assessed vasa recta fluid uptake using both meth-
ods, plasma protein concentration determinations and video-
microscopy, simultaneously in the same animal [20]. Each
approach yielded results nearly identical to those found previ-
ously using the same method, that is, the discrepancy between
findings obtained using the two different techniques persisted.
We reasoned that the explanation must lie in our reliance on
structural criteria used to distinguish DVR from AVR, since to
calculate total blood flow and outflow it is necessary to incor-
porate the absolute number of DVR and AVR. If 10% to 15% of
vasa recta identified as AVR were actually DVR, the discrep-
ancy between the results of the two techniques could be
completely reconciled. That is, of the approximately 3,000 vasa
recta at the "base" of the exposed papilla, if there are truly 900
DVR and 2,100 AVR (a ratio of 2.3 AVR to DVR) rather than
600 DVR and 2,400 AVR (a ratio of 4), and the average vasa
recta blood flow is 10.6 nllmin for DVR and 5.65 nl/min for AVR
respectively, the corresponding blood inflow is 9.54 p1/mm and
blood outflow is 11.9 t1/min [20]. The difference, 2.36 pVmin, is
in reasonable agreement with previous estimates of fluid reab-
Table 1. Effect of vasopressin and prostaglandin inhibition on
medullary blood flow
Hormone Effect Technique Reference
Vasopres sin
slight decrease
no change or
slight increase
slight decrease
slight decrease
dye dilution
radioactive rbc's
radioactive albumin
videomicroscopy
[24]
[54]
[25]
[121
Prostaglandin—
inhibition
decrease
no change
decrease
radioactive albumin
radioactive rubidium
videomicroscopy
[48, 491
[52]
[53]
sorption from the papillary collecting duct of 1.6 p1/mm [43] and
2.5 p1/mm [44].
Although relative to total renal blood flow, papillary blood
flow is very small, in terms of tissue perfusion it is quite
vigorous. The range of values for papillary blood inflow esti-
mated by Holliger and his coworkers [18] was 1.3 to 5.9
ml/min/g tissue and for outflow, 3.4 to 11.6 ml/min/g tissue.
These high values reinforce the crucial role of countercurrent
exchange in maintaining high medullary solute concentrations.
Vasopressin and prostaglandin effects on the medullary
circulation
Vasopressin
The effect on medullary blood flow of a vasopressin—medi-
ated transition from water diuresis to antidiuresis has been
studied by several groups. In Table 1 the findings are summa-
rized. A change in medullary flow during AVP release could be
induced by either of two distinct AVP receptor—mediated
mechanisms. The V1 receptor or vasopressor and glycogeno-
lytic activities of AVP have been related to calcium and
phosphatidyl-inositol metabolism, while the V2 receptor or
antidiuretic activity of AVP has been associated with cyclic
AMP generation [45].
With the videomicroscopy technique, we demonstrated that
physiological doses of AVP reduce both medullary blood inflow
and outflow [12]. Using a selective inhibitor of the vasoconstric-
tor, or V1 receptor—mediated action of AVP, the change in
blood flow induced by AVP was blocked, but probably not
completely. The rise in urinary osmolality after AVP, however,
was not affected by the V1 inhibitor, indicating that the vaso-
constrictor action of AVP is not essential to its antidiuretic
effect. Recently Kiberd, Robertson and Jamison [46] employed
a selective inhibitor of the antidiuretic or V2 receptor—mediated
action of AVP and found that the reduction in medullary blood
flow induced by AVP was inhibited, but again, not completely.
As expected, the V2 inhibitor eliminated the antidiuretic re-
sponse to AVP. We know from previous work that water
reabsorption by the terminal collecting duct is greater in water
diuresis than in antidiuresis because of the much higher fluid—
flow and transepithelial osmotic gradient in water diuresis, so
that under such conditions there is a greater volume of fluid to
be removed by the vasa recta in the papilla than in antidiuresis
[43]. Thus the effect of the V2 inhibitor to prevent the AVP-
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Figure 3. Dual function of the vasa recta. The medullary circulation
consists of a network of channels with main thoroughfares (vasa recta)
and branch connections. The encircled Pr denotes plasma protein. The
size of type indicates the relative concentration of each solute with
respect to its location in the medulla, but not necessarily with respect to
the concentrations of other solutes. The progressive rise in the concen-
trations of NaCI and urea in the medullary interstitium is due to
reabsorption from the loop of Henle and collecting tubule, respectively.
Since the capillaries are permeable to NaCI and urea, these solutes
enter descending vasa recta and leave ascending vasa recta; such
transcapillary exchange "traps" these solutes in the medulla. Con-
versely, water is extracted from descending vasa recta, causing the
plasma protein concentration to increase. In the ascending vasa recta
the sum of oncotic (that due to plasma protein) and osmotic (that due to
nonprotein solutes) transcapillary pressures results in capillary fluid
uptake. In this way, water reabsorbed from the collecting tubule and
Henle's descending limb is removed from the medulla and returned to
the general circulation. Vasa recta function in a dual capacity, trapping
solute and removing water, to preserve the hyperosmolality of the renal
medulla. From [11] with permission.
induced fall in vasa recta blood flow can be attributed to the
indirect consequence of sustaining the high papillary fluid
uptake in water diuresis.
Prostaglandin
In the renal medulla, prostaglandins, in particular the
vasodilatory prostaglandins E2 and F2,, are intensively synthe-
sized [47]. Direct infusion of PGE1 leads to an increase in flow
of dilute urine [48]. Conversely, inhibition of prostaglandin
synthesis enhances urinary concentration [49—51]. It has been
proposed that vasodilatory prostaglandins counteract vasocon-
strictive agents (such as, AVP and angiotensin II) thereby
sustaining medullary blood flow. Investigations of the action of
prostaglandin on medullary blood flow, however, have yielded
conflicting results (Table 1). According to some studies, inhibi-
tion of prostaglandin synthesis causes a decrease in medullary
blood flow [49—51], while other studies have failed to demon-
strate an effect of prostaglandin inhibition on medullary flow
[52]. Fejes—Toth, Magyar and Water [50] studied the intracorti-
cal distribution of microspheres before and after infusion of
antidiuretic hormone. After vasopressin infusion, the distribu-
tion of blood to the medulla remained unchanged. In contrast,
the combined infusion of vasopressin and indomethacin (a
prostaglandin—inhibitor) caused an increased flow to juxtame-
dullary glomeruli suggesting the possibilty also of increased
blood flow to the medulla. It should be noted, however, that
microspheres are probably not valid markers for medullary
blood flow [34].
Using the videomicroscopy technique, Lemley et al [53]
demonstrated that inhibition of prostaglandin synthesis caused
a reduction in erythrocyte velocity in both DVR and AVR,
which implies that medullary blood flow decreased.
Summary
Like other regional circulations, the medullary circulation
supplies oxygen and other primary substrates to the medulla
and removes carbon dioxide and other waste metabolites. It
also acts as a countercurrent exchanger and simultaneously
removes water reabsorbed from the renal tubule to preserve
mass balance. Our present understanding of how the medulla
serves both these functions at the same time is illustrated in
Figure 3. Blood leaves the efferent arteriole with an elevated
plasma protein concentration as a consequence of glomerular
filtration, and flows down descending vasa recta within a
vascular bundle. The increased interstitial osmotic—concentra-
tion coupled with a finite capillary reflection coefficient for
small solutes causes additional water to be extracted so that at
the termination of descending vasa recta, the plasma protein
concentration exceeds that in the systemic circulation by ap-
proximately twofold. Solute, urea more than sodium chloride,
also enters descending vasa recta. As blood flows through the
interconnecting capillary plexus and up ascending vasa recta,
transcapillary oncotic and osmotic pressure differences com-
bine to cause capillary uptake of fluid. There is also simulta-
neous loss of urea such that the medullary trapping of urea is
very effective. Countercurrent exchange of sodium chloride,
however, appears to be less efficient and as a consequence, not
only water but sodium chloride is removed from the medulla.
Antidiuretic hormone reduces medullary blood flow, both di-
rectly by its vasoconstrictor (V1-receptor mediated) effect and
indirectly by its antidiuretic (V2-receptor mediated) effects.
Prostaglandins are able to enhance medullary blood flow by
counteracting vasoconstrictive influences. The regulatory roles
of other hormones and the nervous system on medullary blood
flow is not yet clear.
Although much remains to be learned about the medullary
mirocirculation, its vital role in the urinary concentrating mech-
anism is firmly established.
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